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Liquid metals may be the only material for FNSI
and economical reactors

A Liquid metal plasmdéacing components (LM
PFCs) are a revolutionary approach (see |
Maingi Majeskitalks):

I No permanent damage

I Increased power loading, relaxed design
constraints

I Enhanced confinement regimes

Coenen, et al., INM 2013

A LM-PFCs are poised for breakout to
leadership in plasméacing materials NSTX Liquid Li Divertor

A We proposdo enablehigh-power
confinement device testing via

i 5SRAOI (&R yaRIES aful OA f A (i

i Providing fundamental physics and engineeriigs
data on LMPFC plasmaurface interactions |
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In 10 years, our initiative will advance HRFCs
along two fronts

1. Conductioncooled targetswith thin liquid layers
need to demonstrate integrated performance in a
high-power device.

2. Convectioncooled (sehtooled) targetshave been
proposed as a means to greatly increase the pewer
handling capabilities of the liquid metals.
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Sciencedriven program will address critical
physics unknowns and guide technology

rEnergy Transport Modei

Heat Conduction
to Substrate

Solid PFC
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Sciencedriven program will address critical
physics unknowns and guide technology

rEnergy Transport Modei

LiICPS
(first wall,

divertor) Evaporative and
Radiative Cooling

LiVapor Box
(divertor)

FLiLi
(first wall)
SnCPS
(first wall,divertor)

LiIMIiTs

(first wall,divertor) § Heat Convection
by Liquid Metal

FastFlow

(first wall,divertor)
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Sciencedriven program will address critical
physics unknowns and guide technology

rEnergy Transport Modei

(ﬁgijl A Highpower density on
diverton [ £vaporative and slowflow lithium leads to
LiVapor Box \ adiative Cooling vaporshielded targets for
(diverton extreme heatflux mitigation
FLiLi

(first wall)
SnCPS
(first wall,divertor)

A Fastflow concepts can
(first wall, divertor) f Heat Convection exhaust extreme amounts
of power via convection

FastFlow
(first wall,divertor)
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Enabling research on test stands provides
central connection between thrusts

A Steadystate, highflux test stands _ 10
link surface science and integrated S | Thermakspike
Scenarlo thrUStS S 1 pure H mods Adatom-evaporation J
g- mixed-material mode! :
2 | ]
CI| High D flux
surface sciencéhrust (Allain) g ' nferred Li Yield. ;
a 20 eV D—Li
fortokamak scrapeoff layer OO e e o e 700
StUdleS Malngi) Li Temperature {°C)
A Physicaneeds drive facility el Li Trapping

requirements, for example: emission

Neutral D ‘ i8S __

emission 10 m
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Theory and modeling provide confidence ir
extrapolation to confinement devices

: Freesurface
A Freesurface MHD provides M Interface | | thermocapillary
multiple couplings and rich MHD simulation
physics

Thermoelectric MHD
simulation forLiMIT

A Theory and modeling can
help refine experiments and
identify important features
for confinement device PFC
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Modest iInvestment needed to address
facility requirements

X X X X X

A Dedicated Iinear device W|th Plasma arc-source Target chamber Liqtlitlti
. . . . . metal,
integrated liquid lithium loop can S | |G pumena
address physics and technology goals PN = aing
services

: < Plasma composition
Density, temp. and and transport via
velocity via
Langmuir and Mach
probes

Local heat-flux
via IR
thermography

| actecton

.
2228 | \jia LIBS

A Dedicatedoroidal devices can
demonstration basic stability

UCLA MTOBaInSrExperlment

PIE e Reeel s R E——
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Key faclilities will address science issues and enable
Integrated demonstration within 10 years

Confinement Devices
High High-power,
Power | Long{ high duty-
Test | (NSTX-U Pulsej factor, hot
Stands | ADX?) [(EAS

Partial contribution to topic

Full resolution of topic

Issues
Power and Momentum Dissipation (PMI) -

Component technology (PFC)
Steady power handling Linear
Free-surface stability (toroidal) Fast-flow

10-year goal: Competitive PFM with W

A Dedicated test stands provide fundamental physics and engineering
demonstrations prior to implementation on confinement device

A NSTXU has demonstrated high heéltixes and leverages PPPL Li exper
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Dedicated facilitiescan achieve aggressive
timeline for confinement device demonstrations

2015/2016/2017|2018/20192020/202112022/2023|2024

High- | Litarget + Liloop linear devicg
Temp Vapor shielding physics (lineaf)
o Li recapture

Lithium Component power handling

PFCs | Confinement Device Testing

. Sn material compatibility
Tin PFCS Sn target PSI

I

GalnSn simulator experiment
Fast-flow]  Fast-flow divertor target -!
PFCs | Toroidal facility development
Fast flow + plasma Ip ramp

192

i

Theory & Vapor shielding modeling
Modeling| Free-surface MHD modeling

Target for completion
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Summary

A Largescale flowing liquid metal PFCs are nearly
ready to brealout with dedicated confinement
device testing

A Dedicated tesstand facilities will advance the
science and component technology to enable
these demonstrations

A The US can lead the world liquid metal PFCs
with an aggressive program to upgrade NSUDX
and address the open questions directly

PRINC ] Jaworskr; Liquid metal PSI science and component development
L ABORATORY ¢ FESAC Meeting, Washington ©dlily 810, 2014



Backup
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Enabling research on testands will
maintain US leadership in LM PFCs

A Experience with liquid
metal experiments and Notional Teststand thrust budget breakdowr
plasma devices enables

rapid startup $5-6M/year

A Staging enables continuous
progress in all thrusts

I Teststands rampdown after
Initial iInvestment enables
confinement device thrust

I Growing program in late
decade to support Sn studies
A US poised to outpace world
programs with NSTXJ and
possibly ADX liquid metal
programs

m Linear Facility

m Fast-flow
Facilities

Theory and
Modeling
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Facility requirements for liguid metal linear
device studies

l A Similar plasmaphysics regimes witHivertor High-density
b Py 9  —

match atomic physics parameters at target arc-source &
RFsource ok

A Divertorlike heat flux enable Highdensity
emission/recapture studies and appropriat@| o csource &
surfacetemperature profiles REsource ok

A Longpulse/steadystate operation enable Arcsource & RF
controlled singleemperature and material (| source ok:No device
recapture demonstrations has liquid metal loop

A Gascooling required for safety consideration& No present or planned
and DEM@elevance plasma device

A Contaminationrtolerant plasmasource required | Arcsource okdielectric
for erosiontolerant PFCs 4= | windows for RF not ok
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NSTX LLD demonstrates stable operatior
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NSTX performed liquid-metal PFC experiments with the Liquid
Lithium Divertor (LLD)

Liquid lithium divertor installed for FY2010 run
campaign

2.2cm copper substrate, 250um SS 316, ~150um flame-
sprayed molybdenum porous layer; LITER loaded

379 estimated capacity, 60g loaded by end of run

/7> Graphite
Diagnostic

_~Tile_
)
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Stable liquid metal PFC operation demonstrated with NSTX
Liquid Lithium Divertor

Up to 10x more current r Probe.
I Peak Jpgc

Langmuir Probe PFC Current
measured with Langmuir £ 150, . Meandiig - | -

droplet ejection with
smaller pore sizes*

Pore DII-D 7 VNN

size Li-DIMES 1 \a

107 10% 107 107 10"
Droplet or Pore Radius [m]

probes; LLD porous 2100 pe, :
T T 50 ™ L
geometry limits droplet § L e aaias tataans
SiZe 0 2 4 6 8 10 12 14 16 18
Cumulative Fluence [1023 ions/mz]

. - Jor = 1 4_7722 + pg For the fastest
Rayleigh-Taylor analysis T B\ growing modes
provides marginal 10t e
stability curves; NSTX g | —Esm
LLD stable 210" | — sns(m SuSSSe

%1'32 NSTX Stab iLi cup

@ LLD able
CPS tests also reduced 5 L

™

5

[}

—k
=

Jaworski JNM 2011, Jaworski NF 2013 , Whyte FED 2004, *Evtikhin JNM 2002
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Design studies indicate need for htgh
temperature lithium surface research_
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An approach to a liquid-metal PFC: Actively-supplied,
capillary-restrained systems

A Closely connected primary
coolant and liquid lithium
reservoir/supply structure

A Continuous flow to the
surface to flush gettered
material and maintain
wetted surfaces (substrate
protection)

A Multiple coolant options
exist (T-tube impinging jets
shown as example)

/|

Structural Material (e.g. F82H steel)

Porous or textured surface

Liquid Lithium

Coolant (e.g. He or s-CO.) Incident
Plasma

Jaworski PPCF 2013
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Advanced cooling techniques can be optimized for LM-PFCs
for steady-state cooling

A T-tubel uses impinging gas i

Temperature ———

jets to increase local heat Ti’"‘%memz
transfer coefficient ek

A Altered T-tube for these SR
simulations to have: g
A Smaller radius  3.4196+00

A Steel structure, s-CO2 I§§j§§
coolant (No tungsten)

1.808e+002
A 10 MW/m?2 incident
A Consistent with strength limits
of ODS-RAFM steel
A Previous studies
considered <400C as limit

for hydrogen retention
LAbdel -Khalik FST 2008.

[C]
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What are the physics ramifications of high temperature liquid
lithium PFCs? What will an integrated scenario look like?

Lithium vapor cloud can potentially

provide effective power and pressure Pu = pi(l+ ME) + PrLi
loss (continuous vapor-shielding)
Non-coronal Li radiation qf“b'-‘“'mﬂ- — ﬁ""'r';ﬁfTé = YNpsColl = YCapy
Li vapor pressure vs. plasma
pressure
Capillary-Porous System(CPS) targets  Isor. = 4?r2h’nuh"’"'2%nu T, = 4:T2fv’c-,f'fh"-""z%pu
have dissipated large incident heat - -
fluxes: e-beam tested to 25MW/m? Surface Temperature [C]
limited by Li inventory (Evtikhin INM 500 600 700 800 900 1000

2002) 10"

CPS limiter in FTU able to operate
above 550C (Apicella PPCF 2012)

What is T, surf fOr alithium PFC
In the divertor?
Li Vapor Pressure

Preliminary experiments being | NSTX Target Data e
performed on Magnum-PSI plasma 0 5 10 15 20
device _ PsoL[MW]

Jaworski PPCF 2013
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ThermocapillaryHD modeling from
UCLA
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Study of impact of field direction on Marangoni
recirculation velocity

5=0.137 2 /5\ A Surface temperature

5 s profiles not
dramatically changed
with field direction
changes

A Heat flux into the
bottom wall was
measurably changed ,




New rigidlid results £no symmetry and 3
component field relative to the walls / heat flux

25

UCLA



